Summer annuals overwinter as seeds in the soil seed bank. This is facilitated by a cold-induced increase in dormancy during seed maturation followed by a switch to a state during seed imbibition in which cold instead promotes germination. Here, we show that the seed maturation transcriptome in Arabidopsis thaliana is highly temperature sensitive and reveal that low temperature during seed maturation induces several genes associated with dormancy, including DELAY OF GERMINATION1 (DOG1), and influences gibberellin and abscisic acid levels in mature seeds. Mutants lacking DOG1, or with altered gibberellin or abscisic acid synthesis or signaling, in turn show reduced ability to enter the deeply dormant states in response to low seed maturation temperatures. In addition, we find that DOG1 promotes gibberellin catabolism during maturation. We show that C-REPEAT BINDING FACTORS (CBFs) are necessary for regulation of dormancy and of GA2OX6 and DOG1 expression caused by low temperatures. However, the temperature sensitivity of CBF transcription is markedly reduced in seeds and is absent in imbibed seeds. Our data demonstrate that inhibition of CBF expression is likely a critical feature allowing cold to promote rather than inhibit germination and support a model in which CBFs act in parallel to a low-temperature signaling pathway in the regulation of dormancy.
INTRODUCTION
In temperate regions, plants coordinate their lifecycle with the passing of the seasons. Central to this process is the ability of plants to process and integrate environmental information, with temperature and photoperiod the most important seasonal cues. Understanding the regulation of the timing of phenological events has become an important goal across biology, especially given the sensitivity of both plant and invertebrate phenology to climate change.
Arabidopsis thaliana accessions can be split broadly into summer and winter annual accessions, with the latter requiring a prolonged vernalization period for flowering by virtue of the expression of high levels of FLOWERING LOCUS C (FLC) gene expression (Michaels and Amasino, 1999; Sheldon et al., 1999) . These accessions are characterized by germination during late summer or autumn, vegetative overwintering, and flowering during spring or early summer. By contrast, summer annual accessions lack genes such as FRIGIDA (Johanson et al., 2000) that are necessary for high FLC expression and flower in the year of germination. The seeds of summer annuals overwinter in the soil seed bank and germinate in response to spring cues, which in Arabidopsis remain only partly understood. During seed maturation, the level of dormancy is highly dependent on the prevailing environmental conditions with low temperatures and to a lesser extent short photoperiods, inducing high levels of dormancy and modifying the cold responsiveness of germination (Munir et al., 2001; Schmuths et al., 2006) . Genetic influences on the induction of strong primary dormancy by low seed maturation temperatures have been uncovered, with roles for both phytochrome and FLC having been proposed (Donohue et al., 2008; Chiang et al., 2009) .
The level of seed dormancy is set during seed maturation, and the phytohormone abscisic acid (ABA) is believed to be a central player. Mutants deficient in ABA synthesis or signaling in general show reduced dormancy, often accompanied by defects in the seed maturation program, such as reduced reserve accumulation and desiccation tolerance (Nambara et al., 1994) . In seeds, the action of ABA is antagonized by that of gibberellin (GA), and numerous studies have shown that an intricate web of crossregulation between ABA and GA levels lies at the heart of the control of seed germination (Seo et al., 2006; Piskurewicz et al., 2008 Piskurewicz et al., , 2009 . Environmental signals that influence dormancy or germination have been shown to result in the transcriptional regulation of GA and ABA metabolism in the imbibed seed. In particular, light and temperature have been shown to influence GA levels through the transcriptional regulation of bioactive GA synthesis through GA3 oxidase (GA3ox) and GA inactivation through GA2 oxidase (GA2ox; Yamaguchi et al., 1998; Yamauchi et al., 2004; Oh et al., 2006) . In lettuce (Lactuca sativa), temperature regulation of ABA synthesis through 9-cis-epoxycarotenoid dioxygenase 4 (NCED4) is necessary for thermoinhibition (Argyris et al., 2011) , whereas ABA catabolism through CYTOCHROME P450 707A2 (CYP707A2) is a target of after-ripening (Millar et al., 2006) . Using forward genetic screens and natural variation studies, several other loci have been identified with important roles in dormancy regulation, most notably REDUCED DORMANCY4 (RDO4; Liu et al., 2007) and DELAY OF GERMINATION1 (DOG1), the major quantitative trait loci underlying the strong dormancy of many wild Arabidopsis accessions (Bentsink et al., 2006) . However, it is not yet clear which, if any, of these pathways are important in the induction of high levels of dormancy by low temperatures and through what mechanism the temperature regulation occurs.
During the cooler seasons, plants have evolved a suite of mechanisms that facilitate their survival of adverse conditions. The best characterized of these is the process of cold acclimation, in which the central players are a small group of AP2-domain transcription factors known as C-REPEAT BINDING FACTORS (CBFs; Stockinger et al., 1997) . CBF transcript levels increase quickly in response to falling temperatures and are maximally sensitive 8 h after dusk. Overexpression of CBFs confers freezing tolerance in the absence of cold acclimation due to the increased expression of a suite of genes involved in metabolic and physiological changes that aid resistance to freezing temperatures (Jaglo-Ottosen et al., 1998; Gilmour et al., 2000; Vogel et al., 2005) . One notable feature of both low temperatures and CBF overexpression is that both cause marked growth retardation, and this has been shown to be through the promotion of GA catabolism by at least two CBF-regulated isoforms of GA2 oxidase, GA2ox3 and GA2ox6, and the subsequent accumulation of DELLA proteins (Achard et al., 2008) .
In this study, we use a transcriptomic comparison of dry Arabidopsis seeds set under warm and cool seed maturation temperatures to identify low-temperature-regulated gene sets. Strikingly, both DOG1 and GA2ox show a marked cold induction during seed maturation, and subsequent experiments showed dog1 and GA signaling mutants are deficient in their ability to enter highly dormant states. We show that CBFs are required for dormancy but surprisingly are not temperature regulated in seeds. Our data suggest that a mechanism for the suppression of the cold induction of CBFs is an essential component of temperature responses in seeds and that CBFs have a temperature-independent role in the induction of strongly dormant states.
RESULTS

Identification of Temperature-Dependent Transcripts in Maturing Seeds
Previous work has shown that lowering seed maturation temperatures induces high levels of dormancy in rapid cycling Arabidopsis ecotypes (Schmuths et al., 2006; Donohue et al., 2008; Chiang et al., 2009 ) as well as other species (Fenner, 1991; Gu et al., 2006) . We confirmed that this was indeed a dormancy phenomenon by stimulating high levels of germination in seeds matured at low temperatures by applying multiple dormancy breaking treatments or by removing coat-imposed dormancy by nicking the seed coat (see Supplemental Figure 1A online) and by showing that embryo and seed coat morphology was normal in seeds developed at 108C (see Supplemental Figures 1B and 1C online) . To begin to understand the molecular basis of this signaling pathway, we developed a system in which plants were grown to flowering under our standard laboratory conditions (see Methods) and then switched to either warm or cool temperatures from first flowering until the end of seed maturation. Reduction of the seed maturation temperature caused an incremental increase in seed dormancy, until at lower temperatures, even 2 weeks of cold stratification was insufficient to promote high levels of germination ( Figure 1A ). Seeds set in this way were then used as a basis for a transcriptomic analysis, and replicate batches of mature dry seeds set at either 20 or 108C were compared to understand the consequences of variation in the seed maturation temperature in terms of the seed transcriptome. Dry seeds were chosen for the transcriptome analysis to maximize the chances of a like-for-like comparison because the delay in developmental timing caused by low seed maturation temperatures complicated the selection of comparable states during development. This is consistent with a recent analysis of dry seed transcriptomes for comparison of the mechanisms of action of major dormancy-controlling quantitative trait loci (Bentsink et al., 2010) . Data from Affymetrix Ath1 chips were analyzed by significance analysis of microarrays (Tusher et al., 2001 ) to identify stringent lists of differentially regulated genes. We used 108C as the lowest likely wild seed maturation temperature and an extreme temperature to maximize our chances of robustly detecting differentially expressed transcripts using microarrays; however, follow-up experiments were performed at a range of temperatures (12 to 178C) to sample the range of likely behaviors of seed set under wild conditions. Using such a range avoids placing undue emphasis on behavior observed only at one particular temperature. A temperature reduction from 20 to 108C during seed maturation resulted in the altered expression of a large number of transcripts in dry seeds, with over 275 genes upregulated at 108C compared with 208C and 681 genes downregulated, even after a relatively stringent cutoff of a 1% false discovery rate and at least a threefold change in mean expression ( Figure 1B ). To compare this to the situation in vegetative tissues, we used a data set in which seedlings at 12 and 228C were analyzed (Nascarrays 147; see Methods). Interestingly, the number of differentially up-and downregulated genes in seeds is approximately an order of magnitude higher than in seedlings, suggesting that the transcriptome of seeds is comparatively hypersensitive to temperature. There was also very little overlap between the two gene sets: for instance, HSP70, a gene previously shown to be highly temperature sensitive and used to identify temperature-signaling components (Kumar and Wigge, 2010) , was strongly regulated in the seedling data set but not in seeds. Similarly, there were temperatureregulated transcripts in seeds that did not appear in the seedling data set, such as DOG1 (see Supplemental Data Set 1 online). This suggests that there may be differences in the temperature signal transduction pathways between the two tissues. (Table 1) . Strikingly, we found that DOG1 expression was highly upregulated in response to low temperatures, as was GA2ox6, a gene previously shown to be important for the control of germination by light quality. In terms of ABA metabolism, we found that NCED4 expression is significantly upregulated, whereas CYP707A2 (Kushiro et al., 2004) is one of the genes most strongly downregulated by low seed maturation temperature (confirming the analysis of Chiang et al., 2009 ). Thus, we could identify gene expression associated with both dormancy and hormone balance that may underlie the dormancy changes caused by low seed maturation temperatures. RDO4 expression was also significantly different between the two treatments, but in this case, the low dormant seeds from the higher temperature showed higher RDO4 expression, inconsistent with the hypothesis that the temperature regulation of RDO4 transcripts is important in germination control. Because the effect of the DOG1 locus on the dry seed transcriptome has been previously reported (Bentsink et al., 2010) , we compared temperature-and DOG1-dependent gene expression in dry seeds ( Figure 1C ). Again, very little overlap was discovered between the two gene sets, suggesting that either very few DOG1-dependent genes are important in dormancy regulation or that the important effects of DOG1 are not represented in the dry seed transcriptome. Two phytochrome isoforms, phyB and phyE, were both downregulated by low temperature. Both of these are important for dormancy and germination (Heschel et al., 2007) , and this suggests that more dormant seeds might desensitize their germination to light via the inhibition of phytochrome transcription. Genes involved in ABA signaling in general showed an increase in expression at the warmer temperature, although these changes were in general only twofold or less and are expected to be much less important than the large difference in CYP707A2 expression and the magnitude of the effect of ABA on their protein levels. Finally, to identify groups of genes regulated by seed maturation temperatures, we used the TAGGIT ontology (Carrera et al., 2007) to compare gene expression between the two data sets ( Figure 1D ). In the dormant low-temperature-set seeds, cell wall modification, heat shock, and protein degradation were the most prominent categories, whereas in the low dormant seeds, translation, photosynthesis, seed storage proteins, and ethylene were better represented. Broadly speaking, this result is in line with previous studies that have compared seed dormancy states (Finch-Savage et al., 2007) , which also identified increased gene expression associated with translation and photosynthesis as indicative of low dormant states. We confirmed the differential expression in dry seeds set at 10 or 208C by real-time PCR using independent samples ( Figure 1E ).
The level of dormancy is set during seed maturation, but our gene expression data were restricted to the analysis of dry seeds. Therefore, we analyzed the expression of genes by realtime PCR at four stages of seed maturation, which were identified by embryo morphology due to differences in growth rates in seeds maturing at different temperatures. RNA was collected from torpedo stage, walking stick, green cotyledon, and dry seeds at two maturation temperatures. We also wanted to understand whether the gene expression changes we observed in Landsberg erecta (Ler) were robust across ecotypes and so chose to analyze both Columbia (Col) and Wassilewskija (Ws) ( Figure 1F ). DOG1 expression was interesting in that it increased markedly at the green cotyledon stage at 208C, only to decline again by maturity. At 108C, DOG1 expression levels also increased at a similar stage but remained elevated in mature seeds. In the case of NCED4, CYP707A2, and GA2ox6, the highest expression was observed at maturity, and temperature affected steady state levels in a similar manner to that shown on the microarrays. As this experiment was performed in the Col and Ws backgrounds, this also shows that these effects of temperature are conserved across ecotypes.
Light is an important germination-inducing signal, and our data suggested that seeds matured at lower temperatures may exhibit altered phytochrome levels and, therefore, light sensitivity upon imbibition. In nature, primary dormant seeds must remain ungerminated in darkness to enter the soil seed bank, where low temperature drives the transition of imbibed seeds into secondary dormancy (Finch-Savage et al., 2007) . To test this, we performed experiments testing the ability of seeds matured at three temperatures to resist germination in the dark during extended chilling ( Figure 1G ). Remarkably, seeds matured at 208C were unable to remain dormant in the dark during chilling, suggesting that these seeds would not be able to overwinter in the soil seed bank under wild conditions. Seeds matured at lower temperatures (16 or 128C) could resist germination during dark (C) Comparison of our data with that from DOG1 and dog1 loci (Bentsink et al., 2010) . There is little overlap between the two data sets. (D) Analysis of differentially regulated genes by TAGGIT (Carrera et al., 2007) . For description of overrepresented gene ontologies, see main text. (E) Confirmation of microarray gene expression changes by real-time RT-PCR. Low seed maturation temperatures induce GA2ox6, DOG1, and NCED4 expression, whereas warm seed maturation temperatures induce high CYP707A2 expression in dry seeds. Data represent the mean and SE of two biological replicate samples for each temperature. (F) Temperature-regulated gene expression during seed development and maturation. Analysis on Col and Ws backgrounds confirms the microarray results, which are from Ler. Data represent the mean and SE of two biological replicates per time point. T, torpedo stage; WS, walking stick stage; GC, green cotyledon stage; DS, dry seed at maturity. (G) High seed maturation temperatures remove the light requirement for germination. Seeds matured at three temperatures were incubated in the dark at 48C for 50 d and germination scored. Data represents the mean and SE of five independent seed batches chilling, showing that reducing the seed maturation temperature produced seeds that could in theory enter the seed bank and remain dormant. Thus, at least for Col-0, seeds matured at warm temperatures would be unlikely to persist long in the seed bank and may be unable to enter secondary dormancy. This suggests that increased phytochrome levels may lead to a lack of light requirement in warm-matured seeds.
Genetic Regulation of Strong Dormancy Induced by Cool Seed Maturation Conditions
Very little is known about the genetic pathways required for dormancy caused by low seed maturation temperatures, and we wished to understand which, if any, of the genes and hormones implicated by the transcriptomic study are necessary for the strongly dormant state. First, we compared levels of bioactive GAs and ABA in dry seeds set under low or high temperatures (Figures 2A and 2B) . Low temperature caused an increase in ABA levels in dry seeds, coupled with a decrease in GA 4 levels, when compared with seeds set under warm temperatures, indicating that temperature affects the poise of hormone balance but without disruption of the ABA/GA cross-regulation (i.e., the negative correlation between ABA and GA levels still holds).
Most genetic examination of low dormancy mutants has taken place in rapid cycling ecotypes using seeds set in glasshouses or standard laboratory conditions so that even wild-type seeds under the same conditions have only low levels of dormancy. Hence, it is still largely unclear how important these loci are when seeds have higher levels of dormancy, for instance, similar to those of ecotype Cape Verde Island. To understand further the mechanism through which high dormancy levels are achieved in response to low seed maturation temperatures, we analyzed the role of ABA and GA by examining the ability of ABA biosynthetic and DELLA mutants to enter into the strongly dormant states caused by low temperature as well as that of other mutants shown to have reduced dormancy, including dog1 ( Figures 2C  and 2D ). When seed was set at 208C wild-type seeds showed little or no dormancy, so that the decrease in dormancy of the mutants in the assay was hard to quantify ( Figure 2C ). Surprisingly, dog1 mutants set at 108C were dormant at harvest, with germination frequencies only slightly higher than the wild type, suggesting that low temperature promotes dormancy by a DOG1-independent mechanism. However, after short periods of cold stratification, the lower dormancy of dog1 mutants was revealed, confirming that DOG1 is essential for dormancy induced by cool conditions. We also found that quadruple DELLA loss-of-function mutants were severely compromised in lowtemperature induced dormancy, showing the central role of high DELLA levels in the maintenance of dormant states. We also found that ABA was absolutely required for the strongly dormant state, as aba1 mutants showed no dormancy even when matured at low temperatures ( Figure 2D ). The aba2-3 mutant was able to induce dormancy at low temperatures ( Figure 2D ), perhaps indicating that this allele is not a null or that ABA is less important in the Col background. To confirm the role of ABA in the Col background, we subjected additional mutants to a dormancy screen with seed set at low temperature (see Supplemental Figure 2 online). We found that the aba1-6 and aba3-1 mutants showed little or no dormancy when set at low temperature (see Supplemental Figure 2 online). Because low temperature during seed maturation strongly reduces CYP707A2 expression (Table 1) and increases ABA levels in dry seeds ( Figure 2 ) and because ABA-deficient lines cannot enter the strongly dormant states induced by low maturation temperatures, these results show that high ABA levels are central to the increased dormancy induced by low seed maturation temperatures. Taken together, our results show that DOG1 and the regulation of the balance of GA and ABA levels are both important for the induction of strong dormancy by low temperatures and that there may therefore be multiple mechanisms through which temperature affects dormancy levels.
CBFs Are Required for Dormancy in Arabidopsis but Are Not Cold Regulated in Seeds
In vegetative tissues, cold sensing takes place through at least two known mechanisms: the transcriptional regulation of CBFs and the chromatin reorganization of the FLC locus (Bastow et al., 2004) . FLC has previously been described to have a role in dormancy regulation but only if imbibed seeds are also incubated at low temperatures (Chiang et al., 2009) . Given that low seed maturation temperature leads to high dormancy at warm imbibition temperatures ( Figure 1A ), and at warmer temperatures FLC was shown to have little or no role (Chiang et al., 2009) , we investigated whether CBF-dependent pathways have a role in dormancy induction by low maturation temperatures. Investigation of available microarray data using the EFP browser (Bassel et al., 2008) also suggested that CBFs might be expressed during seed development. To analyze the temperature regulation of CBF transcription in seeds, we performed time-course experiments in which seeds or seedlings were transferred from 22 to 48C and the expression of CBF1 recorded by RT-PCR. We chose CBF1 because the low availability of material from developing seeds necessitated an RT-PCR approach, and our analysis of previously published CBF primers (Franklin and Whitelam, 2007) revealed that their specificity for any one isoform was questionable, and only for CBF1 could we reliably develop a specific Taqman assay (see Methods). These experiments revealed that in maturing seeds, CBF1 expression is higher in developing seeds than in seedlings in the absence of cold ( Figure 3A ) but unexpectedly that the ability of cold to increase transcript abundance to high levels was attenuated compared with vegetative tissues. In imbibed seeds, our ability to detect CBF1 expression was questionable, and cold had no significant effect on the transcript abundance. The inactivity of CBFs in imbibed seeds was confirmed by the observation that CBF-induced COR15b transcription was also unresponsive to cold in imbibed seeds and only minimally responsive in maturing seeds ( Figure 3B ). Together, these data suggest that a mechanism exists to suppress CBF expression in imbibed seeds and that this is already partially active during seed maturation. Furthermore, because the key property of CBFs that places them at the center of cold signaling in leaves is their transcriptional response to low temperatures and given that this response is largely absent in seeds, it seemed unlikely that they are directly involved in temperature signal transduction in seed tissues. Because CBFs act to reduce GA levels in response to cold in vegetative tissues, we hypothesized that this repression of CBFs in imbibed seeds may be necessary to permit the promotion of germination by cold stratification (which requires an increase in GA levels; Yamauchi et al., 2004) . To investigate whether CBFs have a role in the regulation of dormancy during seed development, we subjected loss-and gain-of-function lines to variation in seed maturation temperatures and analyzed the effect on dormancy. We focused on analyzing dormancy breakage by cold because during autumn or (A) and (B) Low seed maturation temperatures increase ABA levels and decrease GA 4 levels, the principle active GA in Arabidopsis seeds. Dry seeds of Ler ecotype were set at the indicated temperature during seed maturation and hormone levels measured at maturity. Data represents the mean and SE of three biological replicates per treatment. (C) The germination frequency for seeds of the indicated wild type and mutant lines set at 208C are shown after various lengths of cold stratification. All lines show low dormancy when set at 208C. (D) Primary dormancy and response to cold of freshly harvested Arabidopsis mutants previously shown to have low dormancy; seeds were matured at 108C. Our data show that ABA, GA, DOG1, and RDO4 are all required for low-temperature-induced dormancy. Germination data represent the mean and SE of at least five replicate seed batches per genotype per treatment.
winter, cold is the more likely dormancy breaking signal (afterripening requires the warm temperatures and low soil moisture normally associated with summer) and because a priori there appeared a possibility that CBFs could play a role in both the induction and breakage of dormancy by low temperatures. We first analyzed the ability of CBF loss-of-function lines to enter into dormancy by maturing seeds at 20, 15, or 108C ( Figure 4A ). At 208C, none of the lines showed any obvious dormancy, consistent with observations that Col ecotype seeds show little or no dormancy under standard laboratory conditions. At lower temperatures a strong primary dormancy was induced, but each of the CBF-deficient lines showed an increased germination phenotype, consistent with a lower level of dormancy induced in these lines. However, at 108C when the strongest dormancy was induced, high levels of dormancy were also present in lines lacking one CBF gene. In our view, these data shows that CBFs are required for the induction of normal levels of seed dormancy but also suggest that CBF-independent processes also play a role, especially at lower temperatures. However, we cannot completely rule out that redundant function obscures the analysis.
Given that we identified cold-induced gene expression with a role in the induction or maintenance of high dormancy states, we analyzed cbf lines for alterations in this gene expression program ( Figure 4B ). These data again confirmed the microarray analysis that GA2ox6, DOG1, and NCED4 were all increased in expression at 108C, whereas CYP707A2 was increased at 208C. In general, only GA2ox6 and DOG1 expression was lower in CBF loss-of-function lines, whereas expression of NCED4 and CYP707A2 was not affected. The role of CBF1 in the regulation of GA2ox6 expression has been observed previously in vegetative tissues (Achard et al., 2008) . We could also confirm that the vegetative CBF target, GA2ox3 (Achard et al., 2008) , is not temperature regulated in seeds, as seen in the microarray analysis. We analyzed our low seed maturation temperatureinduced gene set for the presence of the CBF binding low temperature response element in their promoters (see Supplemental Data Set 1 online). Interestingly, of the genes tested above, only DOG1 has a putative CBF binding site in the promoter region, suggesting that GA2ox6 is not a direct target of CBFs. Together, our data support the hypothesis that DOG1 and GA2ox6 are coregulated in maturing seeds and that CBFs are required for wild-type expression levels.
To further our analysis of CBF function during seed maturation, lines overexpressing the three CBFs were analyzed for dormancy (Stockinger et al., 1997; Gilmour et al., 2000 ; Figure 5 ). These experiments revealed that each CBF, when overexpressed, could confer an increase in seed dormancy that persisted even after cold stratification or after-ripening ( Figures 5A and 5B) , although in our hands the parent ecotype Ws after-ripens very poorly. The increased dormancy of 35S:CBF lines was rescued by the addition of exogenous GA but not by inhibition of ABA biosynthesis, suggesting that low GA levels in the imbibed seed may be responsible for this phenotype ( Figure 5C ). However, we cannot rule out that GA is simply overcoming the effect of higher ABA levels in the dry seed. We could not analyze the phenotype of CBF-overexpressing seeds matured at low temperatures because under these conditions the lines developed very slowly after flowering and made few, if any, seeds. However, at the warmer temperature, we were able to analyze gene expression in mature seeds. Surprisingly, overexpression of CBFs did not lead to an increase in either GA2ox6 or DOG1 gene expression ( Figure  5D ). Instead, we found that each line strongly overexpressed GA2ox3, as has been observed previously in vegetative tissues (Achard et al., 2008) . Thus, the CBF loss-and gain-of-function appear to affect dormancy through two distinct processes (discussed in detail below).
Toward a Pathway of Temperature Signal Transduction during Seed Maturation
We have shown that temperature and the CBFs independently affect the transcripts of important dormancy-regulating genes during seed maturation. To better understand the roles of DOG1, GA, and ABA in the regulatory network that leads to high levels of dormancy in seeds set at low temperature, we analyzed gene expression in dog1, aba3, and della mutant seeds set at low temperatures ( Figure 6A ). Strikingly, dog1 mutants showed a 10-fold decrease in GA2ox6 expression compared with the wild type, showing that one role of DOG1 is the promotion of GA catabolism. In return, aba2 and della mutants showed a 50% reduction in DOG1 transcript levels, showing that GA and ABA have some influence on DOG1. We found that dog1, aba2, and della mutants all show roughly wild-type levels of CYP707A2 and NCED4 ( Figure 6A) , showing that the temperature regulation of ABA metabolism is largely independent of both DOG1 and DELLAs. Our phenotypic analyses clearly define a role for CBFs in the regulation of dormancy and the gene expression required for seed dormancy in rapid cycling ecotypes. Loss of function leads to lower levels of DOG1 and GA2ox6 in dry seeds, and DOG1, GA, and ABA levels are clearly central to the temperature response of dormancy (Figure 2) . However, somewhat surprisingly, we could detect very little elevation in CBF levels in maturing seeds when low temperatures are applied, in strong contrast with the established paradigm in vegetative tissues. In addition, we do not observe large numbers of CBF targets, the COR genes, being expressed in response to low temperatures in seeds (see Supplemental Data Set 1 online) nor does temperature regulation of transcription in seeds overlap significantly with that in vegetative tissues (Figure 1 ). Because the CBFs themselves are not cold regulated at the transcript level in seeds, in our view this supports a model in which CBFs in seeds are not directly involved in the temperature signal transduction pathway during seed maturation. One further possibility is that the temperature regulation of CBFs in maternal tissues could be important for dormancy. We could not test for a maternal function because the loss-of-function phenotypes did vary somewhat in our hands, although the data presented are representative of a large number of experiments. However, we consider this unlikely because CBF transcription is not temperature responsive at normal red/far-red ratios in the temperature range used for this study (Franklin and Whitelam, 2007) . It would be interesting to test whether CBFs have a role in the regulation of dormancy by light quality (as opposed to germination; Heschel et al., 2007) . However, in the absence of cold, CBF levels are generally higher in developing seeds than in seedlings, a conclusion also supported by available microarray data. Thus, CBFs may have a general role during seed development, independent of a cold signaling pathway. This view is supported by phenotypic analysis of loss-of-function lines of each CBF, which show that under conditions when significant levels of dormancy are induced, CBFs are required for wild-type dormancy levels ( Figure 4A ). The fact that CBF loss-of-function lines continue to show progressively higher levels of dormancy as the seed maturation temperature is reduced is further evidence that this dormancy is induced by a CBF-independent mechanism. Analysis of cbf triple mutants would be necessary to confirm this unequivocally. Yet, CBFs appear to be necessary for the normal levels of cold-regulated gene expression in seeds, suggesting that this second pathway and the CBFs share some common elements.
CBF overexpression leads to decreased germination that is completely restored by the application of exogenous GA during imbibition. Our analysis shows that this is most likely attributable to the strong upregulation of GA3ox3, the isoform most strongly regulated by CBF overexpression and in seedlings (Achard et al., 2008 ; GA2ox6 is also affected in this study, but to a much lesser extent). Strikingly, GA2ox3 is not upregulated by low-temperature treatments in wild-type seeds nor misregulated by CBF loss of function during seed maturation, despite its importance for growth inhibition by low temperatures in vegetative tissues. Thus, CBF gain and loss of function, although superficially leading to opposite phenotypes, affect germination through distinct mechanisms. In CBF overexpressors, it is possible that some affects of overexpression are obscured by the downstream consequences of high GA2ox3 levels and the affect this has on GA levels and known feedback mechanisms. GA applied during imbibition is enough to provoke high germination in 35S: CBF seeds, suggesting that 35S:CBF may act to lower GA levels in the imbibed seed.
One of our most striking observations is that in imbibed seeds, CBFs are virtually undetectable, and their transcripts are completely unresponsive to low-temperature pulses. In addition, low temperature in imbibed seeds does not induce the expression of the CBF target COR15b (Figure 3) . Given that increased CBF (A) CBF overexpression leads to strong primary dormancy, which in the case of CBF2OX and CBF3OX responds poorly to cold stratification. (B) The increased dormancy of CBFOX lines is not removed by after-ripening (note that Ws after-ripens very poorly in our hands). (C) The application of exogenous 100 mM GA restores full germination to CBFOX lines, but application of the ABA biosynthetic inhibitor norflurazon does not. All germination data represent the mean and SE or five replicate seed batches per treatment. (D) Gene expression changes in dry seeds caused by CBF overexpression using seeds set at 208C. Data represent the mean and SE of three biological replicates per genotype. levels lowers GA content through the promotion of GA2ox levels, the positive effect of cold on the germination of dormant seeds would not be predicted to occur in the presence of strong coldregulated CBF expression, as this requires an increase in GA levels (Ogawa et al., 2003; Yamauchi et al., 2004) . Hence, the strong repression of CBFs is likely to be an essential component of gene regulatory networks in imbibed seeds that permit cold to promote, rather than inhibit, germination. The partial suppression of the cold induction of CBF transcripts during seed maturation may be the beginning of the expression of this mechanism. It is noteworthy that in some species cold continues to be an inhibitor of germination and establishment, particularly in crops from warm environments, such as soybean (Glycine max) and maize (Zea mays), and it will be interesting to understand the behavior of CBF-regulated pathways in the seeds of these species.
GAs Are Central to the Induction of Strong Dormancy Induced by Low Temperatures
In the past, it has been contentious whether GA has a role in dormancy regulation or simply a role in the promotion of germination in seed with no dormancy, as suggested by Bewley (1997) . The latter hypothesis appeared to be supported by data showing that during germination, GA biosynthesis is strongly upregulated and that GA synthesis and degradation are under the close control of light and phytochromes, photoreceptors principally characterized as regulators of germination (Yamaguchi et al., 1998) . By contrast, we showed that under standard glasshouse conditions, della mutants failed to enter dormancy even in the absence of GA synthesis (Penfield et al., 2006) . Furthermore, phytochromes clearly have a role in regulating dormancy, in addition to germination (Donohue et al., 2008) . Here, we show that reduced GA levels are associated with the strongly dormant states promoted by environmental conditions that mimic the coming of winter and that della loss-of-function mutants are among the most highly compromised in their ability to enter dormant states. We also note that the GA-insensitive mutant sleepy1 is able to block germination of the nondormant aba insensitive1 mutant in multiple genetic backgrounds (Steber et al., 1998; Ariizumi and Steber, 2007) . Because both GA and ABA levels in mature seeds, as well as gene expression affecting the metabolism of both hormones, are affected by low seed maturation temperatures, we suggest that GA and ABA are equally important regulators of dormancy in Arabidopsis.
A Model for the Regulation of Dormancy by the Seed Maturation Environment
Temperature is the key signal used by Arabidopsis to sense the proximity to winter and induce high levels of dormancy, whereas photoperiod is less important (Munir et al., 2001 ). In the mother plant, FLC has been shown to play a role in dormancy and may be part of a dormancy-regulating temperature signal transduction pathway, regulating CYP707A2 expression (Chiang et al., 2009) . However, the FLC genotype affects dormancy only if the seeds are subsequently incubated at 108C, suggesting that there must be other pathways influencing this trait. The temperature of 108C itself has a dormancy-breaking effect on Arabidopsis seeds (Chiang et al., 2009; Penfield et al., 2010) , suggesting that FLC is important only when close to the germination threshold. However, differences in the severity of ABA-deficient lines between Col and Ler may be due to a known polymorphism at the FLC locus (Michaels et al., 2003) .
Unlike previous analyses using standard conditions (Bentsink et al., 2006) , in seeds set at low temperatures, DOG1 is not critically required for primary dormancy (Figure 2) , showing the (A) Expression of DOG1, GA2ox6, NCED4, and CYP707A2 in dog1, aba2 , and della mutant dry seeds matured at 178C. Values represent the mean and SE of two biological replicates. Germination data for the above seed lots are shown in Supplemental Figure 3 online. (B) A proposed pathway mediating the regulation of dormancy by cold during seed maturation. Cold induction of CBF transcription is inhibited by an unknown seed-specific Repressor of CBF expression (SSR), although expression in the absence of cold means CBFs are still required for normal dormancy. Cold induces high levels of dormancy through more than one mechanism, including the elevation of DOG1 transcription and the action of DOG1 in the promotion of GA catabolism. ABA also promotes GA2ox6 expression during seed maturation (Seo et al., 2006) . As dog1 and della mutants show little misregulation of ABA-related gene expression, we propose that this constitutes a second pathway, perhaps relying on FLC, which is required for normal CYP707A2 expression (Chiang et al., 2009). importance of DOG1-independent pathways, at least in the Col-0 background. Our analysis shows that the maintenance of DOG1 expression through to maturity is an essential target of low temperature and also that DOG1 is required for high GA2ox6 transcript levels in dry seeds ( Figure 6B ). The consequence of this is to lower GA levels in the seed. Our data also show that hormone balance feeds back to affect DOG1 transcripts, as loss of either ABA or DELLAs leads to a 50% decline in DOG1 levels in dry seeds. The fact that loss of DELLAs and ABA both result in a similar halving of DOG1 expression suggests that they act through a common intermediary. For instance, ABA may affect DOG1 expression indirectly through the regulation of GA2ox6 (Seo et al., 2006) . Further work will be needed to define the relationship of DOG1 action to GA and ABA action in seeds and to investigate whether the cold regulation of these transcripts is also a feature of dormancy cycling in soil seed banks. However, because dog1 mutants retain primary dormancy, a second DOG1-independent pathway must act in parallel. One possibility is that this is the maternal effect pathway influenced by FLC (Chiang et al., 2009) .
Loss of CBFs in seeds appears to affect primarily DOG1 and GA2ox6, so the most parsimonious model is one whereby CBFs principally act to regulate DOG1 expression alone (as DOG1 is necessary for GA2ox6 expression). Although CBFs show little transcriptional regulation by temperature in our experiments, their temperature-independent expression still allows them to affect DOG1 levels. We cannot rule out that CBFs are important for the response to further environmental signals that may influence dormancy during seed maturation.
Our data also show that lower seed maturation temperatures cause a reduction in phytochrome B and E transcripts in dry seeds. This is accompanied by the induction of a light requirement for germination completion. Our experiments in the laboratory predict that seeds of rapid cycling ecotypes could not enter the soil seed bank if they are matured at warm temperatures ( Figure 1G ) because they germinate easily in the dark during treatments that induce secondary dormancy. It has previously been shown that loss of phytochrome confers unresponsiveness to cold stratification in seeds matured at 158C (Donohue et al., 2008) . Taken together, this suggests that lowering phytochrome levels is important for the decreased germination in response to chilling and for nongermination in the absence of light. Therefore, temperature regulation of phytochromes is likely a key mechanism for increasing the probability of a transition to secondary dormancy and persistence in the seed bank.
METHODS
Plant Material
CBF-overexpressing lines were a gift from Michael Thomashow and have been described (Jaglo-Ottosen et al., 1998; Gilmour et al., 2000) . They are in the Ws background. CBF loss-of-function lines were obtained from Julio Salinas and have been described previously (Novillo et al., 2007; Col background) . dog1-2 (Col; Bentsink et al., 2006) and rdo4 mutants (Ler) were a gift from Marten Koornneef and Wim Soppe, and the gai-t6 rga-t2 rgl2-1 rgl1-1 quadruple DELLA loss-of-function lines were obtained from Nicholas Harberd (Ler background; Achard et al., 2006) . aba1-1 (N21), aba1-6 (N3772), aba2-3 (N158), aba3-1 (N157), and abi4-1 (N8104) were ordered from the Nottingham Arabidopsis Stock Centre (NASC).
Dormancy and Germination Assays
For seed generation, plants were germinated on agar plates and transferred to John Innes seed compost (Levington) in P40 trays. Plants were grown to flowering at 208C under standard long days using fluorescent white light at ;70 to 100 mM m 22 s 21 until first flowering (defined as anthesis of the first flowers), at which point they were transferred to a second growth cabinet running the same conditions, but with the indicated seed maturation temperature. Plants were left to set seed until dehiscence began, and seed was then harvested and dried for germination analysis. Poorly filled seeds were excluded from germination trials using a 250-mm sieve (Fisher Scientific). In general, freshly harvested seeds were sown within 24 h of harvest, on 0.9% water agar plates, in replicate seed batches from different parents as biological repeats. Each experiment was repeated at least three times, and representative data sets are shown. Germination was scored as radicle emergence after 7 d of incubation at 228C in a 12-h photoperiod in a Sanyo MLR growth chamber. Cold stratification was achieved by preincubation of plates at 48C in the dark for the indicated time periods using a Sanyo MIR-154 incubator. GA 3 (Sigma Aldrich) was added at 100 mM and norflurazon (Greyhound Chromatography) at 50 mM where indicated.
Phytohormone Assays
GAs and ABA were quantified from replicate batches of 100 mg of dry seeds flash frozen in liquid nitrogen when freshly harvested and stored at 2808C until analysis. Hormone determination was performed by ultraperformance liquid chromatography-mass spectrometry analysis of citrate-buffered acetone extracts as described previously (Dave et al., 2011) .
Microarray Analysis
Seeds of the Ler genotype were set at either 20 or 108C as described for the germination assays and stored at 2808C until analysis. RNA was extracted from dry seeds as described previously (Penfield et al., 2005) and labeled using the Affymetrix one-cycle labeling kit (Affymetrix) using the manufacturer's protocol, before hybridization to the Affymetrix Ath1 chip. For each treatment, three replicate seed batches each derived from a unique parent plant were used to create the biological replicate probes for the experiment. Raw data were normalized by MAS5 (www.Affymetrix. com) to a target signal of 500 before analysis by significance analysis of microarrays (Tusher et al., 2001 ) to identify statistically supported up-and downregulated gene sets, using a freely available Excel macro. Key findings were replicated in an independent experiment with independent samples by real-time RT-PCR. TAGGIT analysis was performed with an Excel macro (Carrera et al., 2007) , a gift from Mike Holdsworth. Microarray data are deposited at NASC (NASCARRAYS-594) and Gene Expression Omnibus with series number GSE28747. NASC-ARRAYS-147 was used for the comparison shown in Figure 1B . A list of DOG1-regulated genes in dry seeds used in the comparison shown in Figure  1C was downloaded from the supplemental data files accompanying Bentsink et al. (2010) . The presence of the DRE motif (CCGAC) in the promoters of the genes with maturation temperature-dependent expression was analyzed using Athena (O'Connor et al., 2005) .
Real-Time RT-PCR
RNA was extracted from ;10 mg of dry, developing, or imbibed seeds and cDNA synthesized as previously described (Penfield et al., 2005) . cDNA was synthesized from 2 mg total RNA and diluted 1:30 with distilled water before use for real-time RT-PCR with SYBR Green (or Taqman for CBF1) detection using an ABI Prism 7300 thermocycler (Applied Biosystems). The Taqman detection system was used to analyze CBF1 expression to ensure specificity, avoiding amplification of CBF2 and CBF3. Further assays used SYBR-green detection. Transcript levels were detected in two biological replicates for each sample using a standard curve derived from one reference sample with an arbitrary value set to one. Transcripts were normalized to mean expression of both ACTIN2 and AT3G06240 for Figures 1E, 1F, 4B, 5D , and 6A and TUBULIN 9 and AT3G06240 for Figure 3A . Analysis of publicly available Affymetrix array data shows that AT3G06240 is expressed stably throughout the transition from torpedo stage developing seeds to seedlings. PCR primers used can be found in Supplemental Table 1 online.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: DOG1, At5g45830; CBF1, At4g25490; CBF2, At4g25470; CBF3, At4g25480; CYP707A2, At2g29090; GA2ox6, At1g02400; NCED4, At4g19170; and COR15b, At2g42530.
Supplemental Data
The following materials are available in the online version of this article. 
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